Abstract | Thyroid hormone action is predominantly mediated by thyroid hormone receptors (THRs), which are encoded by the thyroid hormone receptor α (THRA) and thyroid hormone receptor β (THRB) genes. Patients with mutations in THRB present with resistance to thyroid hormone β (RTHβ), which is a disorder characterized by elevated levels of thyroid hormone, normal or elevated levels of TSH and goitre. Mechanistic insights about the contributions of THRβ to various processes, including colour vision, development of the cochlea and the cerebellum, and normal functioning of the adult liver and heart, have been obtained by either introducing human THRB mutations into mice or by deletion of the mouse Thrb gene. The introduction of the same mutations that mimic human THRβ alterations into the mouse Thra and Thrb genes resulted in distinct phenotypes, which suggests that THRA and THRB might have non-overlapping functions in human physiology. These studies also suggested that THRA mutations might not be lethal. Seven patients with mutations in THRα have since been described. These patients have RTHα and presented with major abnormalities in growth and gastrointestinal function. The hypothalamic-pituitary-thyroid axis in these individuals is minimally affected, which suggests that the central T 3 feedback loop is not impaired in patients with RTHα, in stark contrast to patients with RTHβ.
Introduction
The narrow range of serum concentrations of the thyroid hormones, T 4 and T 3 , in mammals is critical for regulation of intrauterine and postnatal development, as well as for maintenance of metabolic pathways after development. [1] [2] [3] Such tight control is mediated by a negative feedback loop that decreases the release of both pituitary TSH and hypothalamic thyrotropin-releasing hormone (TRH) (Box 1). 3, 4 After conversion of the inactive prohormone, T 4 , to the active form, T 3 , negative feedback and other important functions of active thyroid hormone are mediated by specific nuclear hormone receptors that function as modulators of gene expression. 5, 6 Two thyroid hormone receptor (THR) proteins have been described, THRα and THRβ; these receptors are encoded by the THRA and THRB genes, respectively. The promoter regions of genes that are regulated by T 3 contain thyroid-hormone responsive elements (TREs), which provide binding sites for THRs (Figure 1) . 1, 7 This Review focuses on the functions and mechanisms of action of THRs in the context of transcriptional regulation. Clinical findings in patients with mutations in THRA and THRB are reviewed, and emerging results from preclinical models that have provided insights into THR functions are also discussed.
THRs have been extensively studied since they were first isolated and described in 1986. 8, 9 In the past two decades, several naturally occurring mutations in THRB have been identified in patients who presented with the classic form of resistance to thyroid hormone (RTHβ). This disorder is characterized by elevated thyroid hormone levels and concentrations of TSH that are either within the normal range or slightly elevated. 2, 10 The majority of patients with RTHβ are heterozygous for dominant negative THRB mutations, which result in the production of a mutant receptor that inhibits the function of wild-type THR. 1 This inhibition of wildtype receptors can lead to elevated thyroid hormone signalling through THRα receptors, a situation that has hampered efforts to determine the specific functions of THRβ in different tissues and organs. Furthermore, different mutations in THRB have varying effects on THRβ function and THRβ expression varies among organs, which makes understanding the relationship between genotype and phenotype in patients with RTHβ challenging. Given the limitations of investigating the mechanisms of THRβ function in humans, use of gene manipulation techniques in mice has helped to clarify the role of this receptor in developmental processes and adult mammals. Patients with homozygous mutations in THRB and homozygous mutant mice exhi bit profound features of RTHβ that include large goitre, hearing impairment and severe deregulation of the hy pothalamic-pituitary-thyroid (HPT) axis.
Generation of a mouse model in which a THRB mutation detected in patients with RTHβ was introduced into the mouse Thra gene suggested that mutations in THRA might not be lethal and supported the hypothesis that there could be a human phenotype associated with such mutations. 15 In the past 2 years, four reports of patients with heterozygous mutations in THRA have emerged. [16] [17] [18] [19] Patients with mutations in THRA have prominent growth retardation and abnormalities in gastrointestinal function. However, unlike in patients with RTHβ, the HPT axis in individuals with RTHα is only minimally affected, which suggests that the central T 3 feedback loop is not impaired in this disorder. 16, 20 Thyroid hormone receptors
The THRs belong to the nuclear receptor superfamily that includes the estrogen receptor, vitamin D receptor, peroxisome proliferator-activated receptors (PPARs), retinoic acid receptor (RAR) and retinoid X receptor (RXR). 1, 21 These receptors are formed from a single peptide that is folded into three modular functional domains: an amino-terminal domain (A-B domain), a central DNA-binding domain (DBD) and a carboxylterminal ligand-binding domain (LBD) (Figure 2 ). The function of the activation 1 (AF-1) region is poorly understood 22 and this region is localized to within the A-B domain. The LBD dictates the specificity of the receptor for its ligand and modulates its capacity to form either homodimers or heterodimers with other members of the nuclear receptor superfamily.
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Expression of thyroid hormone receptor genes The human THR proteins are transcribed from two separate genes, THRA and THRB, each of which has a ho mologue in mice, known as Thra and Thrb, respectively.
THRα1 isoforms
Three mRNA species are transcribed from the THRA gene, which is located on human chromosome 17. THRα1 binds T 3 and can form dimers with the trun cated THRA gene products, THRα2 and THRα3, that lack the ability to bind this hormone.
2 THRα2 and THRα3 differ in length
Key points ■ The main isoforms of thyroid hormone receptors, THRα1, THRβ1 and THRβ2, are predominantly responsible for mediating thyroid hormone action, which is critical for normal development, growth and metabolism ■ Patients with mutations in either THRA or THRB have been described and have strikingly different clinical phenotypes known as resistance to thyroid hormone (RTH)α and RTHβ, respectively ■ Patients with RTHβ frequently present with elevated thyroid hormone levels, normal or elevated TSH levels and goitre, which suggests a critical role for THRB in negative-feedback regulation ■ Currently only seven patients with RTHα have been described; these individuals have near-normal levels of thyroid hormones and TSH but display hypothyroidism, delayed growth and constipation ■ Studies of mutations associated with RTH disorders using transgenic mouse models have provided novel insights into the divergent roles of THRA and THRB in physiology and amino acid composition in the C-terminal region when compared with THRα1 ( Figure 2 ). Although the exact physiological importance of these truncated proteins is not known, hetero dimerization of these isoforms with full-length THR proteins in vitro results in an tagonization of T 3 -mediated transcriptional activation.
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THRβ isoforms
The THRB gene is located on human chromosome 3, and is expressed as either of two T 3 -binding isoforms, THRβ1 or THRβ2; a third isoform, THRβ3 is found only in rats.
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THRβ1 or THRβ2 mainly differ in their tissue distribution and in the length of the A-B domain. 21 The DBD and LBD, which bind to very similar TREs, are entirely conserved between THRβ isoforms ( Figure 2 ).
Patterns of gene expression
Comparing the relative levels of expression of each of the THR isoforms in different tissues during development and in adults is challenging, especially at the protein level. 1 The availability of specific antibodies that are well-validated is lacking, which means that investigators have predominantly studied the mRNA levels of Thra and Thrb instead. Analysis of mRNA distributions in mice revealed that Thra1 and Thrb1 are expressed in all tissues studied; however, Thra1 mRNA is predominantly expressed in the heart and brain, 27 whereas Thrb1 mRNA is more highly expressed in skeletal muscle, kidney and liver than in other tissues. Expression of Thrb2 mRNA has a distinct pattern of tissue distribution that is higher in the brain, pituitary gland, retina and inner ear than in other tissues. 2, 28, 29 By contrast, studies in rats indicate that Thrb3 mRNA is expressed only in the kidneys, liver and lungs. 1 Data for the tissue distributions of expression of the THRA and THRB isoforms in human tissues are scarce; however, THRA1 and THRB1 are highly expressed in trophoblast and stromal cells in the placenta. 30 Box 1 | The hypothalamic-pituitary-thyroid axis Circulating thyroid hormone levels are maintained within a narrow range by a negative feedback loop involving thyrotropin-releasing hormone (TRH), which is secreted by the hypothalamus; TSH secreted by thyrotroph cells in the anterior pituitary gland; and the thyroid gland. 3 TRH is a tripeptide that is secreted by parvocellular neurons of the anterior hypothalamus that project to the median eminence. TRH then travels via the portal circulation to the anterior pituitary where it simulates thyrotroph cells to produce and secrete glycosylated TSH. 3 TSH is composed of two subunits; a specific β-subunit and an α-subunit that is shared with the other glycoprotein hormones: luteinizing hormone, folliclestimulating hormone and human chorionic gonadotropin. 3 TSH enters the systemic circulation and stimulates follicular cells of the thyroid gland to synthesize and secrete thyroid hormones (T 3 and T 4 ).
Thyroid hormones in turn feedback, at both the level of the pituitary and the hypothalamus, to reduce TSH and TRH synthesis and secretion, respectively. 4 Studies suggest this process is mediated by DNA-bound THRβ.
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REVIEWS
Functions of the thyroid hormone receptors The binding of T 3 to THRs can result in either a decrease or an increase of the transcription rates of target genes. 9, 31, 32 THRs can constitutively bind to the TREs of T 3 target genes. Furthermore, these receptors can act in a ligand-independent manner, such that the transcription rate of target genes can change depending on whether or not the THR is bound to T 3 .
The carboxyl-terminal portion of the LBD contains an activation function 2 (AF-2) region that adopts a distinct conformation when bound to T 3 . [33] [34] [35] Simulations of molecular dynamics have shown that a conformational change alters the position of helix 12 in the AF-2 domain when T 3 binds to the THR, 36 which allows it to bind to other proteins (cofactors), including co-activators, such as the nuclear receptor co-activator 1 (also known as NCoA-1 or SRC-1), 35 and co-repressors, such as nuclear receptor-interacting protein 1 (nuclear factor RIP140). 12 The importance of helix 12 to THR function has been demonstrated by studying both naturally occurring and artificial mutations in this structure that specifically block recruitment of cofactors to the AF-2 domain, which results in inhibition of both T 3 -mediated ac tivation and repression of gene transcription. 12, 36, 37 The AF-1 domain is localized to the aminoterminal portion of the THR. In the absence of T 3 , the THR exists in an unliganded conformation and AF-1 interacts with cofactors, such as nuclear receptor corepressor 1 (N-CoR) or nuclear receptor co-repressor 2 (N-CoR2). 38, 39 The structure of the AF-1 domain is poorly understood; however, this domain seems to be involved in determination of THR specificity for TREs. 40 Each of the THR isoforms has a distinct AF-1 domain, which influences the composition of the dimers preferen tially formed by the THR proteins and the specificity of the DNA targets to which they bind ( Figure 2 ). For example, the amino-terminal portion of THRα1 preferen tially forms heterodimers with RXRs and other nuclear receptors to positively regulate transcription at target TREs. 40 THRs can either homodimerize or form hetero dimers with other THRs or nuclear receptor superfamily proteins, such as RXRs, 2 liver X receptor 41 and PPARs. 42 Findings from in vitro studies suggest that dimerization drives THR binding to specific TREs. 40, 43 Several TREs have been characterized, 1 and emerging studies of genome-wide analysis of THR binding sites demonstrated that THRβ homodimers bound predominantly near transcription start sites of T 3 -induced genes in a liver-derived cell line. 44 Genome-wide analysis of chromatin occupancy of THRα1 or THRβ1 homodimers in a neuronal cell line revealed that THRs were bound at shared and unique binding sites throughout the genome and identified the DR+4 consensus sequence as the only known binding element at these sites. 45 A general model of T 3 action has been developed on the basis of findings from studies that used crystallography techniques in combination with in vitro mutation analyses and transgenic animal models ( Figure 3 ). In the absence of T 3 , a positively regulated target gene will have a TRE to which the THR binds and recruits a co-repressor, such as N-CoR or N-CoR2. 46 The corepressor forms a complex with histone deacetylases, which modify the chromatin structure resulting in a subsequent a decrease in gene transcription. 46 In the presence of T 3 , the repressive complex is destabilized and the co-repressors are released, which leads to closure of helix 12, exposure of the AF-2 domain and recruitment of co-activators, such as SRC-1 ( Figure 3) . 36, 47, 48 Co-activators induce remodeling of chromatin by acetylating or methylating histones or altering the DNA conformation, which changes the interactions among RNA polymerase and other transcriptional factors. 49 Positive TRE There is no widely accepted model for T 3 action on negatively regulated target genes, although some features of a potential model have been established. In vitro studies have demonstrated that THRs can bind to sequences of putative negative TREs, which leads to repression of gene transcription and we and others have postulated that this repression occurs via mechanisms that are the inverse of those that regulate transcriptional activation. [50] [51] [52] A mouse model with a targeted disruption in the DBD of THRβ confirmed that THR binding to DNA is needed for negative regulation of the HPT axis. 11 However, the specific roles of co-repressors and co-activators remain unknown. SRC-1 is a prototypic coactivator that can function as either a positive or negative regulator of TSH. 12, 53, 54 Furthermore, the co-repressor N-CoR has been demonstrated to drive the increase in TSH levels that results from lack of negative feedback when thyroid hormone levels are low. 55 In vitro data also indicate that N-CoR targets NR1D1 (also known as Rev-Erbα) not THR at the Tshb promoter to regulate basal circadian expression patterns of this gene. 56 It is also possible that a completely different set of cofactors is recruited when THR is bound to a negative TRE. For example, nuclear factor RIP140 interacts with THRα-RXR or THRβ-RXR heterodimers, and this interaction might lead to inhibition of transcription mediated by THR homodimers. 12, 57 Moreover, findings from a study in which the genome-wide binding sites for THRβ1 in livers of hypothyroid and hyperthyroid mice were compared suggested that negative gene regulation in this tissue might be an indirect consequence of decreased THR recruitment to positive TREs in the presence of T 3 . 58 
THR isoforms and gene regulation
The THRα and THRβ proteins are structurally alike, which suggests that they might have similar functions. However, the identification of patients with mutations in THRA and their markedly different clinical presentation to that of patients with mutations in THRB suggests that the THR isoforms have distinct and/or complementary physiological roles that extend beyond differences in tissue distribution. 16, 20 In patients with mutations in THRA, the HPT axis is not impaired as it is in patients with RTHβ. 16 These clinical observations are supported by findings from studies in mouse models in which THRβ was identified as the receptor that modulates negative regulation of the HPT axis. 25, 59, 60 In mouse pituitary thyro troph cells, T 3 functions to regulate Tshb transcription selectively through Thrβ; 7 however, it is also possible that this Thrβ-mediated regulation is antagonized by Thrα. 7, [60] [61] [62] Transcriptome and cistrome analyses, which determined both the level of expression of target genes and the THR binding sites on a genome-wide scale in a neuronal cell line, suggest that both THR proteins can bind to the same TREs; however, they also bind to unique sites to regulate expression of target genes in an isoform-specific manner. 45 Notably, this study was performed in cells grown in culture in which either THRα1 or THRβ1 was expressed exclusively and these conditions do not precisely mimic those in normal tissues where both proteins are usually present.
Aetiology and clinical features of RTHβ
Patients with mutations in THRB present with RTHβ, which is typically characterized by elevated thyroid hormone levels, concentrations of TSH either within the normal range or mildly elevated, goitre and the absence of symptoms of thyrotoxicosis. Clinical phenotypes of RTHβ can be highly variable depending on the degree of tissue responsiveness to elevated thyroid hormone levels in a given individual; the same mutation can result in different phenotypes in different patients, even within the same family ( Figure 4) . In general, a single copy of the mutated gene is sufficient to cause disease, and as such, RTHβ is inherited in an autosomal dominant fashion. 20 The clinical presentation, together with the fact that most patients with RTHβ are heterozygous for mutations in THRB, suggests that pathogenesis of the disease is driven by dominant-negative inhibition of wild-type THRβ. 63 Only four patients with homozygous mutations in THRB have been identified to date, and each of these patients exhibits a more severe phenotype than patients with heterozygous mutations in this gene. One patient pre sented with a homozygous deletion of threonine residue 337 (Thr337del) in THRB. 64, 65 This mutation, which is localized to the LBD, prevents T 3 binding to the receptor, although DNA-binding capacity is preserved. The affected patient presented with goitre, elevated levels of T 4 and TSH, delays in growth and bone development, tachycardia, heart malformation, impaired hearing and vision, and intellectual disabilities. As these patients do not have a wild-type copy of THRB, it has been suggested that the severe phenotypes characteristic of these individuals might be due to a dominant-negative effect of mutant THRβ on wild-type THRα. 64 Members of a family in which RTHβ was inherited in an autosomal-recessive mode carried a mutation that resulted in deletion of the entire coding region. 66 Family members that were homozygous for this mutation presented with hearing impairment, colour blindness, stippled epiphyses and growth delay but had an IQ within the normal range. 66 However, patients who retain a single functioning wild-type THRB allele do not exhibit these symptoms, which supports the hypothesis that mutant THRβ exerts dominant-negative effects that are responsible for the phenotypes seen in patients with RTHβ. 66 
Aetiology and clinical features of RTHα
In the past 2 years, reports have emerged of patients with mutations in THRA that lead to the development of RTHα. 10, [16] [17] [18] [19] The first patient identified with RTHα carried a heterozygous nonsense mutation in THRA (Glu403X) that resulted in a frameshift and loss of the helix 12 owing to the introduction of a premature stop codon. 16, 33 This patient presented with delay of linear growth, tooth eruption and severe constipation, in addition to decreased muscle tone and impaired gross and fine motor skills. Defects in the cardiovascular system, including decreased heart rate and blood pressure, were consistent with THRα1 being the predominant isoform expressed in the heart. This patient was not responsive to treatment with levothyroxine, which reflected resistance to T 3 . Conversely, circulating levels of sex-hormonebinding globulin (a hepatic marker of thyroid hormone action) were elevated and levels of serum TSH were suppressed after treatment with levotyroxine, which is consistent with THRβ predominance in the liver and pituitary gland, respectively.
Analysis of the functional activity of the Glu403X mutant protein in cultured cells revealed very low capacity of the mutant receptor to bind T 3 , defective activation at canonical TREs and increased repression of basal promoter activity, which occurred via recruitment of co-repressors. Together, these findings suggest that the Glu403X mutant protein functions as a dominantnegative receptor. 16 Six other patients with RTHα have also been identified, all of whom have heterozygous mutations in THRA that result in disruptions to the carboxyl-terminus of the THRα protein. [17] [18] [19] 67 A father and daughter with a Phe406X mutation in THRα presented with clinical signs similar to that of the index patient with RTHα, an adult woman with an Ala382X mutation in THRα; a mother and two sons with Ala263Val mutations in THRα have also been described. [17] [18] [19] 67 Each of these six individuals presented with severe constipation, short stature, bradycardia, low levels of IGF-1 and clinical signs of hypothyroidism, such as dry skin, elevated levels of total cholesterol and LDL cholesterol, slow reflexes and delayed intellectual development that was confirmed by a low IQ evaluation ( Figure 5 ). 18, 19 In vitro studies that assessed the functions of wildtype and Phe406X THRα proteins demonstrated that Phe406X THRα acts in a dominant-negative fashion and inhibits wild-type THRα. However, studies in cell lines indicated that the dominant-negative effects of mutant THRα on wild-type THRβ were partially reversed in the presence of high levels of thyroid hormones, which might explain why total cholesterol and LDL cholesterol levels were normalized in patients with RTHα following treatment with levothyroxine. 67, 109 Unlike patients with RTHβ, the HPT axis in patients carrying mutations in THRA is minimally affected. Patients with RTHα have circulating TSH levels within the normal range, slightly lowered levels of free T 4 and slightly elevated levels of total T 3 , which results in an abnormally low free T 4 :T 3 ratio. Furthermore, treatment with levothyroxine leads to suppression of TSH levels among patients with RTHα, a finding that supports the hypothesis that the central T 3 feedback loop in these patients is not impaired as it is in patients with RTHβ. 20, 60, 67 Mouse models and THR function Advances in techniques for manipulation of mouse genetics have enabled detailed investigations into the functions of the THR isoforms. Early studies used mouse models in which either Thra or Thrb was completely deleted. Homozygous Thrb deletion caused auditory system defects owing to impaired cochlear development; impaired vision resulting from lack of expression of the gene encoding medium-wave-sensitive opsin 1; defects in cerebellum foliation; and disruption of T 3 -mediated repression of Tshb and Trh genes. Figure 4 | Overview of tissues and homeostatic functions affected in RTHβ. Patients with mutations in THRB can present with different phenotypes that affect a number of tissues and functions. These effects include increased levels of circulating thyroid hormones, goitre, impaired negative feedback of the HPT axis, affected vision and hearing, heart defects and abnormal neuronal development. Abbreviations: HPT, hypothalamic-pituitary-thyroid; RTHβ, resistance to thyroid hormone β; TRH, thyrotropin-releasing hormone.
To establish the role and importance of each isoform in specific organs and cell types, naturally occurring THRB mutations that are found in patients with RTHβ, 13, 64, [73] [74] [75] [76] as well as artificial mutations, 11, 12 have been reproduced in mouse models (Table 1) . In these mouse models the mutated THRs were either overexpressed or expressed in an allelic manner using homologous recombination techniques whereby the endogenous sequence is substituted by the mutated sequence, a so-called 'knock-in' mouse model. The primary biochemical phenotype of RTHβ, namely impairment of the HPT axis, is recapitulated in each of these mouse models. Mice had elevated levels of circulating T 4 and T 3 and high levels of TSH that could not be suppressed by the administration of T 3 . 11, 12, 74, 77 One important similarity of the mouse model phenotypes to that of patients with RTHβ was the presence of goitre, which results from exposure to high levels of circulating TSH and is the most frequent clinical sign among patients with RTHβ. 12, 13 Sensory systems in mice, such as hearing 11, 78, 79 and vision, [80] [81] [82] were also adversely affected by introduction of mutations in Thrb, with disruption of Thrb2 being primarily responsible for these phenotypes. How ever, few studies in mice have successfully addressed the implications of these mutations in humans. 83 
Genomic effects of thyroid hormones
As with other nuclear receptors in the superfamily, the THR DBD contains a zinc-rich structure that binds to double-stranded DNA. Monomeric, homodimeric or heterodimeric THRs bind to TREs that contain the nucleotide sequence 5'-(A/G)GGT(C/A/G)A-3'. This sequence is arranged as a direct repeat with four spacer nucleotides (DR+4), which can be arranged either as a palindrome or an inverted palindrome. 1, 84 To definitively address the importance of THR binding to DNA in the context of gene regulation by T 3, the Thrb's DBD sequence was mutated to resemble the sequence of the glucocorticoid receptor's DBD, which renders the mutant THR unable to recognize TREs. 11, 50 Introduction of this mutation completely abolished THRβ DNAbinding to canonical TREs; however, T 3 binding and ligand-induced interactions with cofactors such as N-CoR and SRC-1 were unaffected, although impaired positive and negative regulation was noted in assays of thyroid-hormone-regulated gene promoter activity. 50 A knock-in mouse model of the DBD-glucocorticoidreceptor mutation in Thrb was phenotypically similar to Thrb knockout mice, but the effects were less severe with regard to hearing, although visual impairment was similar to that observed in other mutant Thrb mouse models. 11, 81, 82 Importantly, mice that are homozygous for this mutation in the DBD have an impairment in TSH regulation by T 3 that is similar to that observed in Thrb knockout mice, which confirms that the interaction between THRβ and TREs is essential for T 3 -mediated inhibition of Tshb.
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When the THR binds T 3, the LBD undergoes a dramatic structural change that facilitates the association of co-activators. 34, 36, 47, 85, 86 The physiological importance and specific role of co-activators and co-repressors that bind AF-2 to facilitate T 3 -driven inhibition of transcription are not well known; however, studies using a knock-in mouse model that expressed a mutant Thrβ Glu457Ala protein have demonstrated that this region is critical for T 3 -mediated transcriptional inhibition. 12 Interestingly, double knock-in mice that were generated by crossing Thrb-mutant mice with mice expressing a mutant copy of Ncor1 showed partial correction of the increased levels of circulating TSH, T 4 and T 3 and a subsequent reduction in the size of goitre. 87 
Cardiac functions
Excess or deficiency of thyroid hormones has profound effects on cardiac function. Thyroid hormones have both genomic and non-genomic effects in the heart and the vascular system, which are difficult to distinguish in vivo. 88, 89 Thra and Thrb mRNAs are expressed at a 3:1 ratio in the mouse heart, and comparison of hearts of mice in which Thra or Thrb have been deleted strongly suggests that Thrα1 is the major mediator of T 3 effects on cardiac function. 90 Studies using a mouse model in which the human Thr337del mutation is homozygous and expressed under control of the endogenous Thrb promoter have been instructive in elucidating the role of THRβ in the In patients with mutations in THRA the levels of circulating thyroid hormones are mildly affected. Additionally, these patients have delayed bone development, heart defects, chronic constipation and impaired neuronal development. Abbreviation: RTHα, resistance to thyroid hormone α. *Natural mutation. ‡ PV mutant. § Artificial mutation. Abbreviation: HPT, hypothalamic-pituitary-thyroid.
REVIEWS
heart. The Thr337del mutation causes resistance to thyroid hormones in the HPT axis. Additionally, these mice demonstrate resistance to T 3 -induced cardiac hypertrophy. 26, 73 However, when overexpressed only in the heart, this mutation resulted in cardiac-specific hypothyroidism, which manifested as increased expression of Myh7 and decreased expression of Myh6 genes, despite the presence of normal serum levels of thyroid hormones. 63 Interestingly, the T 3 -induced cardiac hypertrophy observed in these mice was similar to that observed in wild-type mice treated with T 3 . 63, 91 Given that the heart is a tissue in which Thrα1 is the predominantly expressed THR isoform, these studies suggest that Thrβ has a dominant-negative effect on wild-type Thrα. Additionally, these findings establish the importance of Thrα in maintenance of cardiac function and suggest that Thrβ might directly or indirectly regulate T 3 -dependent cardiac hypertrophy. 63, 91 The mouse PV mutant model is based on the human THRB PV mutation, 75 which is caused by a frameshift in the LBD and results in deletion of the last nine amino acids of the carboxyl-terminus of THRβ. 15 Mice that were homozygous for the PV mutation demonstrated a mild decrease in heart rate, which was further decreased when the mice were rendered euthyroid by administration of anti-thyroid drugs. 88 Euthyroid homozygous Thrβ PV mice also had a decrease in cardiac contractile function, which suggests that in the presence of normal thyroid hormone levels mutant Thrβ could function as a d ominant-negative protein, presumably acting on wildtype Thrα. Taken together, evidence from these mouse studies suggests that Thrβ1 has an important role in regulating specific functions in the heart. 88, 92 Modelling RTHβ Clinical investigations into the pathophysiology of RTHβ have yielded important information about the role of cofactors in THR-mediated gene regulation. In 1996, families with severe RTHβ phenotypes who had no discernible mutations in THRB, THRA or in the TSHB promoter region were described. 35 Assays of nuclear protein extracts isolated from affected individuals revealed the presence of additional proteins that interacted with wildtype THRβ, which suggested that a lack of co-activator function could be responsible for the RTHβ observed in these individuals. 35 Studies in mouse models support this hypothesis (Table 1) ; mice lacking Src-1 present with mild resistance to thyroid hormone. 53 However, it is also possible that other co-activators and co-repressors, such as nuclear factor RIP140, bind to the same region of the AF-2 domain of THR. Introduction of a mutation in Thrb that results in a Glu457Ala mutation in the AF-2 domain and completely abolishes co-activator recruitment in vitro was found to preserve T 3 binding and limit recruitment of the co-repressor nuclear factor RIP140. 12 In a homozygous mouse mutant expressing Thrβ Glu457Ala, both negative and positive gene regulation mediated by T 3 were impaired. Serum levels of T 3 , T 4 and TSH were highly elevated compared with those of wild-type mice and administration of T 3 failed to suppress the elevation of TSH levels. 12 The mechanism by which cofactor recruitment to the ligand-bound AF-2 domain of THR leads to inhibition of transcription is presently unknown. However, the findings from studies in Glu457Ala mice suggest that an AF-2 domain of a THR that is bound to a negatively regulated gene could potentially recruit a different complement of cofactors to a THR that is bound to a positively regulated gene. 12 These results are supported by findings from studies in which the Glu457Ala mutation was introduced into Src-1 knockout mouse. 37 Thy roid hormone levels in homozygous Thrβ Glu457Ala mice that also lacked Src-1 were elevated compared with those in Thrβ Glu457Ala mutant mice that retained Src-1. However, when double-mutant mice were rendered hypothyroid by the use of an anti-thyroid diet (low iodine plus 5-propyl-2-thiouracil) they had only a 50% increase in TSH levels when compared with mice lacking only Src-1. 37 Taken together, these data suggest that coactivators are involved in ligand-dependent repression of negatively regulated genes. 12, 37 Studies using in vitro systems have shown that THR-RXR heterodimerization increases the binding of THR to TREs and results in increased transcription levels of target genes. 1 Mutations in patients with RTHβ, as well as experiments with transgenic mice, have provided clues to the functional differences of homodimerization versus heterodimerization of THRs in vivo in the context of gene regulation. The majority of THRB mutations found in patients with RTHβ result in reduced T 3 binding; however, some mutations do not impair the ability of THRs to bind T 3 yet still cause RTH in some tissues. One of these mutations is Arg429Gln, 93 which is located in helix 11 of the LBD, a region that contains a hydrophobic surface suitable for promotion of proteinprotein interactions. 34, 94 Different mutations in the same region selectively interfere with dimerization. [95] [96] [97] The THRβ Arg429Gln mutant functions differently to most other THRβ proteins with RTHβ-associated mutations; T 3 binding is intact but there is a deficiency in homodimer formation and co-repressor recruitment. 74 In a knock-in mouse model, the Arg429Gln mutation exclusively affects negative gene regulation in the liver, heart and pituitary gland. This phenotype differs from those of most Thrb mutations, which affect both negative and positive gene regulation. The Arg429Gln mutation is the only homodimer-insufficient model studied to date and has been an extremely useful tool for elucidating the mechanism of negative gene regulation that is driven by thyroid hormones. 74 
Modelling RTHα
In the first mouse model in which Thra was knocked out, pups failed to survive 5 weeks after birth, which suggested that functional Thrα is essential for postnatal development. 98 In this model, both the Thrα1 and Thrα2 isoforms were inactivated and the mice showed delayed maturation in the small intestine and bones. 98 However, the small intestine phenotype in these mice seems to be unrelated to the severe constipation seen in patients with RTHα. 25 The generation of Thra mutant mouse models that contain the same mutations found in the THRB locus in patients with RTHβ showed that it was possible that mutations in THRA were not necessarily lethal and that phenotypes associated with mutation of this gene might also be present in humans. 15 Several mutant Thra mouse models have been developed and findings from experiments using these mice are conflicting. Here, we will focus on the models that produced similar phenotypes to those seen in patients with RTHα, including Thrα PV, Thrα Leu400Arg, and Thrα Arg384Cys ( Table 2) . In all cases, the mutations in Thra resulted in reduced or abolished T 3 binding and recruitment of co-activators and caused a dominant negative effect. 16, [98] [99] [100] [101] Interestingly, despite having similar biochemical properties in vitro, each of these mutations resulted in slightly different in vivo phenotypes that have provided insights into the different functions of the affected protein regions. 33, [102] [103] [104] Introduction of the PV mutation 15 into mouse Thra and Thrb genes demonstrated the importance of an intact THRα LBD for correct skeletal development. 99, 100 Specifically, Thra PV mice but not Thrb PV mice presented with growth retardation similar to that observed in patients with RTHα. 16, 19, 103 The Thrα Leu400Arg knock-in mouse was developed on the basis of an artificial RTH mutation (Thrβ Leu454Arg). This mutation prevents the binding of Thrα to co-activators but preserves interaction of the receptor with co-repressors. 101 In contrast to the Thrα PV model, Thrα Leu400Arg binds T 3 normally but retains strong dominant-negative activity. In addition to dwarfism, these mice have delayed cerebellar development, which is characterized by a delayed granule-cell differentiation pattern similar to that seen in patients with congenital hypothyroidism. 101 These mice have difficulty maintaining body temperature under stress and usually do not survive beyond 3 weeks after birth. 101 The Leu400Arg mutation was inserted into different cerebellar cell types using a conditional expression system; in these experiments, nonfunctional THRα primarily affected Purkinje cells and the Bergman glia. 102 Lastly, the Thrα Arg384Cys knock-in mouse model was developed to mimic a human THRB mutation that results in an Arg438Cys substitution that affects the LBD and decreases T 3 binding by 10-fold. 103 These mice exhibited slightly lowered serum levels of T 3 and T 4 . 104 Marked signs of underdevelopment were observed during the neonatal period, although this phenotype became milder in the adult mice. Patients with mutations in THRA and some Thra mutant mouse models display growth failure that persists into adulthood; however, this effect does not seem to occur in Thrα Arg384Cys mice, which suggests that this model has limited value for the study of abnormalities in growth. Alternatively, it is possible that as more patients with RTHα are identified, not all of these individuals will have substantial growth retardation.
Conclusions
Resistance to thyroid hormone was first described as a clinical entity in 1967. 105 A majority of patients with this disorder present with goitre, elevated thyroid hormone levels and normal or elevated levels of TSH. The molecular pathogenesis of this syndrome was determined over 20 years later when mutations in the region of the gene that encodes the ligand-binding domain of THRβ were identified in patients with RTHβ. Interestingly, patients with mutations in THRA were not identified until 2012. Individuals with these mutations have RTHα, which is clinically distinct from RTHβ and is characterized by nearly normal thyroid hormone and TSH levels, as well as growth retardation and constipation.
Complementary studies of patients with mutations in either THRB or THRA and findings from mouse models that have been generated to recapitulate these mutations have provided strong evidence to support distinct and specific roles for each of the THR isoforms. Both receptors have an important role in central nervous system, cerebellum and heart. However, it seems that only THRβ is important for regulating the negative-feedback loop of the HPT axis that maintains circulating thyroid hormone levels in a normal range. Furthermore, THRβ is important for proper retinal and cochlear development. By contrast, THRα has a key role in bone and intestinal development and function. Further characterization of these differences will be likely to involve the identification of the full complement of cofactors that are recruited or dismissed by the THRs in response to thyroid hormone. Such investigations have the potential to further development of specific agonists and antagonists that could provide treatment options for patients with rare disorders of THR action, such as RTHα and RTHβ, as well as patients with other disorders of metabolis m, growth, and intestinal motility. 
Review criteria
A search for original articles published between 1986 and 2014 and focusing on thyroid hormone receptors was performed in MEDLINE and PubMed. The search terms used were "thyroid hormone receptor", "thyroid hormone receptor alpha", "thyroid hormone receptor beta" and "resistance to thyroid hormone" alone and in combination. In addition, personal libraries of references were used. All articles identified were English-language, full-text papers. We also searched the reference lists of identified articles for additional relevant papers.
